Sucrose transport is essential for the distribution of carbohydrates in plants. Recent studies have shown that a specific transporter protein plays an essential role in loading sucrose into the phloem component of the plant vasculature.
Sucrose is the major transported form of carbohydrates in plants. Transport of sucrose between source and sink is mediated by a specific part of the vasculature, the phloem. The key components of the phloem are the sieve elements, in which long-distance transport occurs, and the closely associated companion cells. Sieve elements and companion cells are extensively interconnected by a high number of intercellular connections, called plasmodesmata; together, they form the sieve element-companion cell complex. In leaves, sucrose gets loaded into the minor veins of the phloem. There are two principal pathways for the delivery of sucrose into the minor vein sieve element-companion cell complex: symplastic loading, in which sucrose passes the entire route from the leaf mesophyll cells to the sieve element-companion cell complex in the so-called 'symplast', moving from cell to cell via plasmodesmata; and apoplastic loading, where sucrose is released from the mesophyll cells and then actively taken up by sucrose transporters located in the sieve element-companion cell complex (Figure 1) .
The extent to which plants can use either of the two pathways for sucrose delivery depends on the number of plasmodesmatal connections between the minor vein sieve element-companion cell complex and its surrounding cells, and this varies between species [1, 2] . In many crop species, such as tobacco or potato, the sieve element-companion cell complex is almost symplastically isolated [1] . The sieve element-companion cell complex of Arabidopsis has more connections to its surrounding cells, but still the proposed route for sucrose loading involves the uptake of sucrose from the apoplast into the phloem by sucrose transporters [3] . Recently there have been considerable advances in understanding the role of sucrose transporters in plants, and one recent study in particular [4] has shown that a specific sucrose transporter plays an essential role in apoplastic phloem loading. But as more genes encoding plant sucrose transporters are identified, it is becoming evident that they are likely to have a variety of very distinct functions in plants.
An important step towards unveiling the function of sucrose transporters in higher plants was made when the first genes encoding plant sucrose transporters were cloned from spinach and potato [5, 6] . In situ studies showed that the sucrose carrier from potato, StSUT1, is highly expressed in the phloem of the leaf minor veins, the major site of phloem loading [6] . StSUT1 is also expressed, though to lesser extent, in the stems and sink tissues, where the retrieval of sucrose leaking out of the phloem, and uptake of sucrose into the sink, respectively, have been proposed as possible functions of the transporter.
Further direct evidence for the importance of sucrose transporters in phloem loading came from studies of transgenic potato and tobacco plants. In these, antisense RNAs were used to reduce the level of the sucrose carrier SUT1 in the phloem [7] [8] [9] [10] . The observed effects were in good agreement with the postulated function of SUT1 in phloem loading. The antisense plants had a retarded growth phenotype on soil, and their source leaves were found to export less carbohydrate. As a result of this, carbohydrates accumulated in the leaves and the sink organs were malnourished, resulting in a dramatically reduced tuber yield in the transgenic potato plants. These observations clearly show that sucrose transporters in the phloem are essential for carbohydrate partitioning, at least in tobacco and potato, both members of the Solanaceae family.
The kind of antisense inhibition used in these early experiments, however, could also have affected other members of the sucrose transporter family. To date, over twenty different genes for disaccharide transporters have been identified from various plant species, named either SUT or SUC, for sucrose transporter, or SCR for sucrose carrier [11, 12] . So far, all of these transporters have been found to belong to the same gene family, the members of which encode highly hydrophobic dissaccharide transporters with twelve transmembrane-spanning helices. Many of these transporters have been shown to mediate sucrose uptake and most likely function as proton-symporters, using a transmembrane proton gradient to drive sucrose transport. Recently, several papers [13] [14] [15] [16] have reported the cloning of new members of this family from tomato, potato and Arabidopsis. It is more apparent now that a single plant species can have many different disaccharide transporter genes. These genes usually show significant sequence similarity and often overlap in their expression pattern. In tomato, for example, three members of the sucrose transporter family are expressed in sieve elements, and a distinct role in phloem loading has been suggested for each of them [13, 16] .
Gottwald et al. [4] took advantage of the genetic amenability of the model plant Arabidopsis thaliana in order to analyse sucrose transporter function. They screened for mutants where insertion of the T-DNA from Agrobacterium tumefaciens had inactivated a sucrose transporter gene, and identified three lines with a T-DNA insertion in different regions of the AtSUC2 gene. The overall expression pattern and predicted function of the AtSUC2 transporter has been shown previously to be very similar to those reported for SUT1, although AtSUC2 is located in companion cells rather than sieve elements [17, 18] .
The three AtSUC2 mutant lines [4] all showed a similar phenotype. They were indistinguishable from wild-type plants when grown on media containing sucrose. When grown without sucrose, however, the homozygous mutant plants were smaller than wild type, had yellowing translucent cotyledons and short primary roots, and did not develop beyond this stage unless rescued by transferring onto media containing 1% sucrose. When plants grown on sucrose were transferred to soil, they developed more slowly than wild type, showed stress symptoms such as accumulation of anthocyanins, and did not produce viable seed. The longer the plants remained on sucrose-containing media, the better they grew when transferred to soil. When source leaves were fed with radioactive sucrose, the accumulation in sink organs seen with the wild type was not observed with the mutant, indicating that sucrose cannot be exported from the mutant leaves.
In view of the earlier results from antisense inhibition [7] [8] [9] [10] , the new results obtained by Gottwald et al. [4] are not surprising. The phenotype of the AtSUC2 mutants is very similar to that of the SUT1 antisense plants. This strongly suggests that in Arabidopsis, as in the Solanaceous species, apoplastic loading mediated by a sucrose transporter is an essential step. Moreover, this is the first time that the availability of T-DNA knockout Arabidopsis plants has been exploited to study sucrose transporter function, opening exciting new prospects for the analysis of plant carbohydrate partitioning. The data show that it is now possible to investigate precisely the effects of the absence of one specific sucrose transporter in plants. It will now be possible to study the effects of inactivating several transporter genes in a single plant, or to screen for genes that can rescue the knockout phenotypes.
The recent completion of the Arabidopsis genome sequence has provided a global view of its transporter gene content. So far, seven different genes -including AtSUC2 -have been identified that code for proteins similar in sequence to sucrose transporters. To date, the proteins encoded by five of those genes have been characterised: they all transport sucrose, but they differ in kinetic properties, substrate specificity and expression patterns. In addition to AtSUC2, AtSUT4 appears to be expressed in the phloem, but predominantly in minor veins [16] . Some are not expressed in the phloem at all, but in cells close to the phloem in the case of AtSUC3 A model of the contribution of sucrose transporters to phloem loading. Sucrose (S) can pass the entire route from source cells to the sieve element-companion cell complex in the symplast moving from cell to cell via plasmodesmata (P). In many plant species, however, sucrose leaves the symplast at some point, possibly via sucrose efflux carriers (blue open circle). It then gets actively accumulated into the sieve element-companion cell complex by proton coupled sucrose carriers (pink circle) expressed in the companion cells and/or sieve elements. Sucrose carriers expressed in the phloem are also thought to retrieve sucrose that has been leaking out of the phloem on its way to sink tissues (yellow circle). (also named AtSUT2) [13, 15] , or in floral tissue in the case of AtSUC1 [19] . Disaccharide transporters are thus likely to have a number of distinct functions in plants. In some sink cells, for example, they may be involved in carbohydrate uptake from the apoplast, as has been suggested for hexose transporters expressed in the sink [11] . They are also thought to play a role in sugar sensing [13, 15] , and may be essential for the uptake of other substances -for example, there is evidence that AtSUC5 is involved in vitamin uptake [14] . It will be fascinating to discover the variety and complexity of different tasks these proteins have within a plant.
